Glaciers have been recognized as the most sensitive indicators of climate change. Mountainous areas, with their characteristic snow and glacier cover, have long been recognized as special hydrological environments, receiving above-average amounts of precipitation. The streams originating in the mountains, nourished with distinct seasonal variations, provide water for the populations of the adjacent lowland. Little is known about the effect of climate change on snow and glacier hydrology and glacier mass balance in the Laohugou Glacier Basin (LHGB) over the past 50 years. A study of the glacier basin was performed to quantify the expected impact of climate change on the hydrology in the north-eastern Qinghai-Tibet Plateau. The DEM (Digital Elevation Model) data, daily temperature, daily precipitation, and evaporation data were applied to force the HBV (Hydrologiska Byrans Vattenbalansavdelning)-light conceptual model to simulate runoff depth and glacier mass balance in the historical period . A genetic calibration algorithm approach (GAP method) was used to obtain parameter sets that reproduced observed runoff depth well. The results suggested a drastic increase of the runoff depth from 1995 to 2015 in the Laohugou glacier basin driven by increased temperature. Temperature and precipitation increased by 0.40 • C (10a) −1 and 1.6 mm·a −1 (p < 0.01), respectively, at AWS1 (the automatic weather station at 4192 m a.s.l. near the hydrological station) in the LHGB from 1959 to 2015. The simulated runoff depth increased at 5.7 mm·a −1 (p < 0.01), the glacier mass balance (GMB) of the LHGB was −280.5 mm·a −1 , and the overall glacier mass balance was −17.55 m w.e. from 1959 to 2015. The runoff is found to be more sensitive to the variation of temperature than the variation of precipitation. When the glacier area is decreased by 10%, 53%, and 100%, the peak runoff (July) decreased by 20.4%, 54.2%, and 72.3% relative to the baseline, respectively. In the future climate, the function of glaciers in compensating a potential low flow and regulating peak flow will be weakened in the critical months.
Introduction
The period 1983-2012 might be the warmest 30 years in the Northern Hemisphere in nearly 1400 years. The global average of terrestrial and oceanic surface temperature data calculated by the linear trend shows that from 1880 to 2012, the warming amplitude from multiple independent datasets was 0.85 (0.65 to 1.06) • C [1] . Warming of the climate system is unequivocal, and since the 1950s, many of the observed changes are unprecedented over decades to millennia [2] . But, climate change has spatial heterogeneity. The air temperature of the Tibetan Plateau (TP) has increased dramatically in recent decades, especially after the 1980s, with the annual rates of 0.27 • C per decade during 
Data and Methods

Data
Geographical Data
The digital vector map of modern glaciers and the 30-m-resolution Global Digital Elevation Model (http://westdc.westgis.ac.cn/) that were obtained from the Chinese Glacier Inventory [14, 16] were used as topographic input. The basin was divided by altitude zones, aspect classes (North, South, East-West-Horizontal), and zones with and without glaciers ( Figure 1 ). The land cover types include bare land and glaciers cover. It is assumed that the area of the glaciers is constant from 1959 to present in this study, while the deglacierization scenarios were created by cutting glaciers below a certain elevation (below 4700 m a.s.l. equals −10%, below 5000 m a.s.l. equals −53%).
Meteorological Data
The first Chinese Alpine glacier, hydrology and meteorological observation station was established in the Qilian mountain from 1958 to 1962. Temperature and precipitation data were obtained from 1959 to 1961 in LHGB [17] . After these three years, the monitoring was interrupted. Three automatic weather stations AWS1 (4192 m a.s.l.), AWS2 (4550 m a.s.l.) and AWS3 (5040 m a.s.l.) were established in the LHGB in 2008 and have operated until today ( Figure 1 ). The AWS1 with uninterrupted air temperature and precipitation data were used as the input data of the hydrological model. According to the elevation of the three AWSs, the air temperature and the precipitation gradients were calculated as 0.5 °C (100 m) −1 and 9.45% (100 m) −1 , respectively. The potential evaporation was calculated while using the Penman-Monteith equation [18] .
Data recorded by six national weather stations were used to reconstruct LHGB air temperature and precipitation data from 1959 to 2015 ( Figure 1 , Table 1 ). The data recorded at six national meteorological stations were obtained from the China Meteorological Data Sharing Service System (http://data.cma.cn/). 
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We used the stepwise multiple regression analysis method to eliminate the precipitation record stations that did not pass the significance test. The relationships with AWS1 were significant at Tuole, Dachaidan, Delingha, and Jiuquan stations (p < 0.01). Finally, data recorded at Tuole, Dachaidan, Delingha, and Jiuquan stations were selected to reconstruct the AWS1 precipitation. This result is reasonable because the LHGB is in the center of the four stations.
The results of simulated and observed precipitation show that R 2 reached 0.88 (p < 0.05) in 2010-2012 ( Figure 4) . Precipitation is also an important factor affecting runoff in glacier-covered watersheds. In order to know the error of reconstructed precipitation, it is necessary to validate and carry out uncertainty analysis on the reconstructed precipitation. The efficiency coefficient of model (R eff ) [21] and Relative error (RE) were used to evaluate the reconstructed result. R eff is equal to 0.96, and the RE (relative error) values are 7%, 8%, and 7% from 1959 to 1961, respectively. The precipitation uncertainty is found to be 5 mm·m −1 and 16 mm·a −1 with significance of 0.99 from 1959 to 1961. The relative error (RE) of total precipitation is 7.5%. There are many factors affecting precipitation in mountainous areas [22] , and the result is comparatively reasonable. The results show that the precipitation increased by 1.6 mm·a −1 (p < 0.01) from 1959 to 2015 ( Figure 5 ). 
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Hydrological Data
The hydrological data were obtained in the Laohugou basin from 1959 to 1961 [17] . Since 2014, the water level was recorded every 15 min by a reinstalled automatic HOBO meter at the original site. Using a flow meter to measure the flow velocity, then discharge is calculated by combining flow velocity and water level data. Then, calculating discharge by combining flow velocity and water level data, the discharge data were established at hydrologic station in 2014 and 2015.
Runoff Model
The hydrological model HBV-light [23] , including a Glacier Ablation Module (GAM) that is based on a temperature index approach was used to simulate runoff and mass balance in the selected catchment [24] . The model needs precipitation, temperature, and potential evaporation as forcing data to simulate the runoff of the catchment. The model divides the basin into several zones according to different altitudes, and the temperature and precipitation of each zone is calculated while using the temperature and precipitation gradients (Pg, Tg). In this study, the basin with two types of land cover (glaciers and non-glaciers) was divided into 12 elevation zones every 100 m and three aspects (north, south, and east-west aspect).
In the HBV snow routine, when the temperature is lower than a certain temperature threshold (T threshold ), precipitation is solid, while above this threshold, precipitation is liquid. The uncertainty in the observation of precipitation is corrected by multiplying the precipitation correction factor (SFCF). Glacier ablation was calculated by the degree-day method (CFMAX). For each elevation zone, a slope correction factor (F Slope ) and a glacier correction factor (CFGlacier) have to be specified. For the North slope, the degree-day factor CFMAX will be corrected by dividing its value by F Slope . For the South slope, the degree-day factor CFMAX will be corrected by multiplying its value with F Slope . For the East/West slope no correction will be applied to CFMAX. Refreezing was considered by a threshold temperature, below which liquid meltwater is frozen and stored again in the snow pack (Rf). The snow pack retains melt water until the amount exceeds a certain portion (CHC, usually 0.1) of the water equivalent of the snow pack. When the temperature is below the threshold temperature, then the liquid meltwater is frozen and stored on the surface of snow or glaciers. Each glacier research unit has a separate reservoir for runoff routing, outflow of which is calculated by an outflow coefficient parameterized as a function of snowpack water equivalent (KGmin, dKG, AG) and is multiplied by the liquid water that is stored in the reservoir. Groundwater recharge and actual evaporation are simulated by soil saturation (FC, LP, Beta). The runoff response module is a combination of three linear reservoirs (K 0 , K 1 , K 2 , Perc) and they are calculated while using a triangular weighting function (Maxbas). Finally, we used the observed runoff at the hydrological station to calibrate and validate the model. More details are available in Seibert and Vis [24] .
The Mass Balance Calculation Method
The specific altitude z (m a.s.l.) and the daily snowfall or melting ice mj(z) (mm w.e.) at time step j (day) are calculated by the degree-day factor method [25] :
The degree-day factors of snow and glacier ablation are calculated while using different values because of different albedo on the glacier and snow. The degree day factor CFMAX of glacier is multiplied by a glacier correction factor (CFGlacier). Zhang Yong [26] studied the observed degree-day factors of glaciers in western China. The degree-day factors of glaciers in western China varied from 2.6 to 13.8, therefore, we used the range of 2.6 to 13.8 for the degree-day factors in the process of model calibration. Where DDF is the degree-day factor, T j (z) is the mean daily temperature, z ref is the reference altitude. T threshold ( • C) is the threshold temperature above which melting begins, and LR is air temperature gradient ( • C m −1 ). It is generally assumed that the threshold temperature is 0 • C [27] . However, during the daytime when the temperature is below 0 • C, ablation will still occur, which is mainly due to radiation ablation [28] .
The model needs to determine whether there is snow in the previous periods, in order to determine whether the degree-day factor for snow or for glacier ice should be used, where S j−1 (z) is the amount of snow in the previous period:
where CFR = refreezing coefficient (-), DDF = degree-day factor (mm· • C −1 ·∆t −1 ). The glacier mass balance (B) equals the solid precipitation (P) plus Refreezing and minus the snow and ice melt (M), and evaporation at the glacier (E act ).
Actual evaporation from the box equals the potential evaporation if SM/FC is above LP (-), while a linear reduction is applied when SM/FC is below LP, LP is moisture value above which actual evaporation reaches potential evaporation.
The long-term glacier mass balance could be calculated though Equation (8) . The contribution of melting water from permafrost to annual runoff is assumed to be less than 1% [29] . Snow/ice melt (M), refreezing and evaporation at the glacier (E act ) was simulated in the model. Sublimation and permafrost was not been taken into account.
The Genetic Algorithm Calibration Procedure (GAP)
The Genetic Algorithm procedure (GAP) [30] was used to obtain the optimal parameter set ( Table 2 ) according to the objective functions. To maximize the Nash-Sutcliffe efficiency (Reff), the coefficient of determination was used to evaluate the simulation effect of the model, which are calculated as:
where Reff is the Nash-Sutcliffe criterion, Qobs is the observed daily flow, Qsim is the simulated daily flow, Qavg is the average observed daily flow. Qaobs and Qasim are the average observed and simulated daily flows. The closer Reff is to 1, the better is the goodness of fit [31] . 
Results
Model Calibration and Validation
We need to calibrate the 18 parameters in the model, except the temperature and precipitation gradient (Table 3) The simulation results are even better in the validation period, especially for monthly runoff. Therefore, we believe that it can meet the requirements for long-time series runoff simulation (Figures 7 and 8 ). 
We need to calibrate the 18 parameters in the model, except the temperature and precipitation gradient (Table 3) 
We need to calibrate the 18 parameters in the model, except the temperature and precipitation gradient (Table 3) Figure 7 shows the validation results for the LHGB for the hydrological years 2014 and 2015. It should be noted that the simulation of peak flow was more consistent with the measured runoff, but the simulation of runoff trough was poor during the validation period.
The simulated monthly discharge values were compared with the observed discharge, where the peak flow was slightly underestimated in the LHGB in July (Figure 8 ). Table 2 presents the daily and monthly model efficiencies for the HBV model during the calibration and validation periods. For the conceptual hydrological model, when the efficiency coefficient of the model is greater than 0.8 in the glacier basin, the simulation has high credibility [32] . For both the calibration and validation period, the monthly efficiency Reff is more than 0.8 (Table 2) . Therefore, we are convinced the HBV model has a very high reliability in the simulation of monthly runoff depth. These results are acceptable, especially when considering the uncertainty in such an alpine area with scarce data.
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Simulation of Runoff and Glacier Mass Balance in the LHGB from 1959 to 2015
The reconstructed meteorological data and evaporation data were taken as input data of the HBV model, then the runoff depth and glacier surface mass balance were simulated by using the parameterization (Table 3) of the model that was obtained through calibration and validation. The results showed that the simulated runoff at the outlet of the river basin increased at a speed of 5.7 mm·a −1 (p < 0.01) from 1959 to 2015 (Figure 9 ). Other studies have also simulated the long-term series of runoff depth in nearby glacier regions, they also proved a significant increasing trend around 1990 [19] . The two important factors that affect the runoff were analyzed. The average annual air temperature increased by 0.04 °C·a −1 from 1959 to 2015 (p < 0.01) (Figure 4 ) and precipitation increased by 1.6 mm·a −1 at the same time (p < 0.01) ( Figure 5 ). While using the calibrated and validated parameter values, the annual mass balances were modeled. The results showed that the decadal mean mass balance values increased from close to −202 mm w.e. a −1 in the 1960s, −185 mm w.e. a -1 in the 1970s and −157 mm w.e. a -1 in the 1980s to −370 mm w.e. a -1 in the 1990s. Balances were closer to equilibrium in the 1970's, however the World Glacier Monitoring Service record indicates that the 1980's saw the beginning of sustained and increasing negative balances. From 2000 to 2010, the annual mass balance was −511 mm w.e. a -1 , the cumulative mass balances exhibited accelerated ablation after the 1990s, leading to a sustainable negative cumulative mass balance for the simulation period . Glacier melting in Laohugou glacier river basin increased at an annual rate of 8.0 mm (p < 0.01), and the surface change of the glacier in Laohugou basin have decreased 17.55 m w.e. totally, equivalent to a reduction of 280.5 mm w.e. a −1 ( Figure 10 ). So, why did such a thickness loss not result in a massive area loss? This is due to the small glaciers' area is more sensitive to climate change. However, for large glaciers, the initial glacier changes were mainly realized as glacier thinning. However, it is necessary to give a more reasonable and accurate explanation based on the glacier area change and glacier thickness data from 1959 to 2015.
There is no long-term glacier mass balance observation data in Laohugou watershed, so we cannot validate our simulated mass balances with the observed mass balance data. Therefore, we chose nearby glaciers with observation data (Table 4) to compare with simulated glacier mass balance. Since the contribution of thawing of permofrost to runoff was not taken into consideration in the simulation period, this part of water may have been added to the loss of glacier mass, so the mass loss of glaciers may be overestimated in this study. Although there is uncertainty in this method, we can determine the long-term trend of glacier mass balance. Then, it can be concluded that the simulated long-term mass balance data in Laohugou basin are within an acceptable ranges [38, 39] . While using the calibrated and validated parameter values, the annual mass balances were modeled. The results showed that the decadal mean mass balance values increased from close to −202 mm w.e. a −1 in the 1960s, −185 mm w.e. a -1 in the 1970s and −157 mm w.e. a -1 in the 1980s to −370 mm w.e. a -1 in the 1990s. Balances were closer to equilibrium in the 1970's, however the World Glacier Monitoring Service record indicates that the 1980's saw the beginning of sustained and increasing negative balances. From 2000 to 2010, the annual mass balance was −511 mm w.e. a -1 , the cumulative mass balances exhibited accelerated ablation after the 1990s, leading to a sustainable negative cumulative mass balance for the simulation period . Glacier melting in Laohugou glacier river basin increased at an annual rate of 8.0 mm (p < 0.01), and the surface change of the glacier in Laohugou basin have decreased 17.55 m w.e. totally, equivalent to a reduction of 280.5 mm w.e. a −1 (Figure 10 ). So, why did such a thickness loss not result in a massive area loss? This is due to the small glaciers' area is more sensitive to climate change. However, for large glaciers, the initial glacier changes were mainly realized as glacier thinning. However, it is necessary to give a more reasonable and accurate explanation based on the glacier area change and glacier thickness data from 1959 to 2015.
There is no long-term glacier mass balance observation data in Laohugou watershed, so we cannot validate our simulated mass balances with the observed mass balance data. Therefore, we chose nearby glaciers with observation data (Table 4) to compare with simulated glacier mass balance. Since the contribution of thawing of permofrost to runoff was not taken into consideration in the simulation period, this part of water may have been added to the loss of glacier mass, so the mass loss of glaciers may be overestimated in this study. Although there is uncertainty in this method, we can determine the long-term trend of glacier mass balance. Then, it can be concluded that the simulated long-term mass balance data in Laohugou basin are within an acceptable ranges [38, 39] . 
Monthly Average Air Temperature, Precipitation, Runoff Depth and Glacier Mass Balance Changes per Decade
Temperature determines the melting and precipitation determines the accumulation of glaciers [40] . The temperature of each month shows an upward trend from 1959 to 2015, especially in June, July, August, and January, February, and December. In other words, the increase of temperature in summer (high-temperature season) and winter (low-temperature season) is larger than for the rest month of the year (Figure 11a ). The precipitation in the 2000s has increased relative to the 1960s, especially in June, July, and August (Figure 11b ). Under the overall influence of air temperature and precipitation, the runoff depth is bound to dramatically increase in June, July, and August from 1959 to 2015 in the LHGB (Figure 11c ). The surface glacier mass balance becomes more negative in June, July, and August the 1960s to the 2000s (Figure 11d ). An interesting phenomenon is that the average peak flow occurred in August in the 1960s. However, with an earlier snow-and ice-melt, the peak flow now occurs in July. Temperature determines the melting and precipitation determines the accumulation of glaciers [40] . The temperature of each month shows an upward trend from 1959 to 2015, especially in June, July, August, and January, February, and December. In other words, the increase of temperature in summer (high-temperature season) and winter (low-temperature season) is larger than for the rest month of the year (Figure 11a ). The precipitation in the 2000s has increased relative to the 1960s, especially in June, July, and August (Figure 11b ). Under the overall influence of air temperature and precipitation, the runoff depth is bound to dramatically increase in June, July, and August from 1959 to 2015 in the LHGB (Figure 11c ). The surface glacier mass balance becomes more negative in June, July, and August the 1960s to the 2000s (Figure 11d ). An interesting phenomenon is that the average peak flow occurred in August in the 1960s. However, with an earlier snow-and ice-melt, the peak flow now occurs in July. 
Sensitivity Analysis
In order to estimate possible hydrological responses to climate change, a sensitivity analysis involving three steps of temperature, precipitation, and glaciers area changes was performed. The temperature was assumed to increase by 1.5 °C, 2 °C, and 4 °C for each day, based on the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [41] and the Paris Climate Change Agreement [42] (the upper limit of acceptable warming that signatory countries committed to in the Paris Agreement is 2 °C), respectively. Precipitation is increased by 10%, 20%, and 30% on each day, the daily runoff depth was modelled, respectively.
Using precipitation as the only changed input variable to the model, the average annual runoff increases by 1.2%, and 3.9% as compared with the average annual runoff of the baseline after precipitation rises by 10% and 30%, respectively, while precipitation decreases by 30%, average annual runoff decreases by 14.4% compared with the average annual runoff of the baseline. When precipitation decreased, the runoff in each month decreased slightly. When precipitation rises, increased runoff mainly occurred in ablation period (June, July, and August), runoff does not show a significant increase as well (Figure 12a , Table 5 ). This is mainly due to the runoff that is controlled by temperature in LHGB where the glacier area ratio is high. When the altitude is above the altitude of the threshold air temperature, precipitation exists only in the form of solid precipitation. Another important reason is that a part of the liquid precipitation in the non-glacial areas evaporated, these two parts of the precipitation has limited contribution to the runoff. In high altitude areas where temperature never exceeded the threshold, snowfall accumulated and never melted. The phenomenon that glaciers, wind, and avalanches transport the snowfall to lower elevations, where melt conditions exist. However, these processes could not be considered in the model, they contribute to the surprisingly small runoff increase.
If using temperature as the only changed input variable to the model, the average annual runoff increases by 46.6%, 66.8%, and 169.0% when compared with the average annual runoff of the baseline, respectively, after the temperature increases by 1.5 °C, 2 °C, 4 °C. It is worth noting that the change 
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If using temperature as the only changed input variable to the model, the average annual runoff increases by 46.6%, 66.8%, and 169.0% when compared with the average annual runoff of the baseline, respectively, after the temperature increases by 1.5 • C, 2 • C, 4 • C. It is worth noting that the change of peak flow (July) is more drastic during the year. In the context of three sensitivity tests, the peak runoff increased by 59.9%, 84.6%, and 189.1% as compared with the peak runoff of the baseline, respectively (Figure 12b , Table 5 ). of peak flow (July) is more drastic during the year. In the context of three sensitivity tests, the peak runoff increased by 59.9%, 84.6%, and 189.1% as compared with the peak runoff of the baseline, respectively (Figure 12b , Table 5 ). By combining the variations of temperature and precipitation sensitivities, it was concluded that the runoff in Laohugou basin is mainly controlled by glacier ablation under the influence of temperature. The contribution of precipitation to runoff was limited. When the temperature rises, the contribution of precipitation to runoff also increases, because the increase of temperature increases the ratio of liquid precipitation and the contribution of precipitation to runoff. A precipitation increases of 30%, combined with a temperature rise of 1.5 °C, 2 °C, and 4 °C cause a runoff surplus of 52.6%, 73.0%, 177.2% compared with the average annual runoff of the baseline, respectively. A precipitation decrease by 30%, combined with a temperature rise of 1.5 °C, 2 °C, and 4 °C cause a runoff increase by 31.4%, 51.0%, and 151.3% as compared with the average annual runoff of the baseline, respectively ( Figure 13 , Table 6 ). With the global warming, glaciers continue to retreat and the area of glaciers is sharply reduced, the retreat of glaciers is bound to cause changes in glacier runoff with glacier melt water as its supply source [43] . In order to study the influence of glacier area change on runoff depth, the sensitivity of runoff depth to changes of glacier area in the LHGB was carried out.
The monthly runoff depth under three glacier area scenarios was simulated by HBV model. When the glacier area decreased by 10% to 100% (10% characterizing glacier area below 4700 m a.s.l., 53% characterizing glacier area that is below 5000 m a.s.l., 100%), the major decrease in runoff occurred from July to August (Figure 14) . Runoff decreased slightly in May and September, while By combining the variations of temperature and precipitation sensitivities, it was concluded that the runoff in Laohugou basin is mainly controlled by glacier ablation under the influence of temperature. The contribution of precipitation to runoff was limited. When the temperature rises, the contribution of precipitation to runoff also increases, because the increase of temperature increases the ratio of liquid precipitation and the contribution of precipitation to runoff. A precipitation increases of 30%, combined with a temperature rise of 1.5 • C, 2 • C, and 4 • C cause a runoff surplus of 52.6%, 73.0%, 177.2% compared with the average annual runoff of the baseline, respectively. A precipitation decrease by 30%, combined with a temperature rise of 1.5 • C, 2 • C, and 4 • C cause a runoff increase by 31.4%, 51.0%, and 151.3% as compared with the average annual runoff of the baseline, respectively ( Figure 13 , Table 6 ). With the global warming, glaciers continue to retreat and the area of glaciers is sharply reduced, the retreat of glaciers is bound to cause changes in glacier runoff with glacier melt water as its supply source [43] . In order to study the influence of glacier area change on runoff depth, the sensitivity of runoff depth to changes of glacier area in the LHGB was carried out.
The monthly runoff depth under three glacier area scenarios was simulated by HBV model. When the glacier area decreased by 10% to 100% (10% characterizing glacier area below 4700 m a.s.l., 53% characterizing glacier area that is below 5000 m a.s.l., 100%), the major decrease in runoff occurred from July to August (Figure 14) . Runoff decreased slightly in May and September, while increased slightly from September to June (Figure 14) . When the glacier area decreased by 10% to 100% (10%, 53%, 100%), the peak runoff decreased by 20.4%, 54.2%, and 72.3% as compared with the peak runoff of the baseline, respectively ( Figure 14 , Table 7 ). It shows that the contribution of glacier ablation can even reach about 70% in July in LHGB. This means that with the decrease of glacier area to a certain extent, the runoff depth during the melting period will decrease sharply in watersheds with high glacier melt water supply during ablation season. With the further increase in temperature and the continuous decrease in glacier area, the peak regulation and compensation effect of glaciers may decrease [44] . Water resources in arid and semi-arid regions will be in risk.
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By combining the variations of glacier area and temperature changes sensitivities, it was found that a glacier area decrease by 10% can be compensated for by a 1.5 °C warming in terms of runoff. When the glacier area decreased by 53%, a warming of 4 °C is necessary to compensate the area loss ( Figure 15 ). 
Discussion
We discuss the main uncertainties of the results in the following section. Uncertainties were considered in (1) the reconstructed temperature and precipitation; (2) the glacier area change; and, (3) the HBV model parameterization. Although we recognize that there is also uncertainty in the observed data, it is not considered in this study.
In this paper, temperature and precipitation were reconstructed using IDW and polynomial regression based on gradients in the LHGB from 1959 to 2015. The reconstructed temperature is more accurate than the reconstructed precipitation, because altitude is the most important influence factor of mountain temperature. We have fully considered this factor in the reconstruction process [45] . Precipitation in mountainous areas is affected by many factors, such as aspect, slope, elevation, and surface conditions [46] . Only the impact of altitude is taken into account, other factors have not been considered. It can be seen that in small watersheds where the glaciers cover more than 60%, the impact of temperature on runoff is much greater than the effect of precipitation on runoff.
The glacier area has changed over more than the past 50 years, the change of glacier area also has effect on the simulation [9] . Using a constant glacier area for runoff simulation will also introduce uncertainties. Therefore, we used sensitivity analysis under different glacier areas to estimate the uncertainties. Based on the First and Second Chinese Glacier Inventory, the loss of Glacier area is 8.9%. The impact of this area loss is more pronounced during the period of maximum runoff. According to the sensitivity analysis of glacier area change, the total runoff decreases by 8.4% and the peak flow decrease by 20.4% when the glacier area decreases by 10%. Therefore, we determine that the glacier area change has relatively small effect on total runoff simulation, while it has a larger effect on the peak runoff (July) in the simulation period.
The model parameters have different values in different regions, and change with time. The temperature and precipitation gradients were chosen single values for the convenience of the simulation; we did not take their spatial distribution into account. In fact, they have significant differences on different time scales and different altitudes. The gradients of temperature and precipitation in different months also show large differences [47] . Due to the limited data availability, it is impossible to obtain the temporal and spatial variations of Pg and Tg, which makes the 
The model parameters have different values in different regions, and change with time. The temperature and precipitation gradients were chosen single values for the convenience of the simulation; we did not take their spatial distribution into account. In fact, they have significant differences on different time scales and different altitudes. The gradients of temperature and precipitation in different months also show large differences [47] . Due to the limited data availability, it is impossible to obtain the temporal and spatial variations of Pg and Tg, which makes the simulation uncertain. The degree-day factor (DDF) is the most critical parameter in the temperature index model. The DDF shows differences in different spatial and temporal scales [48] . Because the effect of radiation on the glacial melting is not taken into consideration, the accuracy of ablation simulated by the DDF model decreases with increasing time resolution [49] . Since we do not know how model parameters will change over space and time, we assume that they do not change at all. This simplification introduces uncertainty. However, in the simulation of this study, the values of the DDF is constant. In general, our results should not be regarded as projections, but we have confidence that we have pointed into the right direction.
Conclusions
In this study, by simulating runoff using the HBV-light model for the LHGB in the upstream area of the Shule River basin, the long-term annual and monthly runoff depths from 1959 to 2015, and the sensitivities of runoff under different temperature, precipitation, and glacier area variations in the LHGB were analyzed. Our main findings are as follows.
In the past 51 years, the climate in Laohugou glacier basin revealed a trend towards warm and wet. As the runoff is mainly controlled by glacier melt that is caused by the rise in temperature, glacier runoff continues to increase and glacier mass balance is negative overall. Runoff depth was found to increased at 5.7 mm·a −1 (p < 0.01), the modelled glacier mass balance was −280.5 mm·a −1 , the glaciers totally thinned 17.55 m w.e. from 1959 to 2015 in LHGB. With the increase of temperature, the contribution of precipitation to runoff increases simultaneously, which shows that the ratio of liquid precipitation will definitely increase with the further rise of temperature. With increase of temperature, the change of peak discharge is more severe than that of annual discharge, the possible crisis is the weakening of the glacier's buffer effect on the drought in arid and semi-arid areas. It is found that an increase of 30% of precipitation could not offset the amount of glacier melt that is caused by the 1.5 • C increase in temperature. In the future climate, the function of glaciers in compensating a potential low flow and regulating peak flow will be weakened in the critical months.
For this region, several aspects of simulation need to be further improved, mainly including the use of space variable parameters and the dynamic development of glacier area change. In general, HBV model is a very good simulation tool for small watersheds with high glacier coverage, such as LHGB.
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